Chromosome ends are maintained by telomere-repeat-binding factors (TRFs) that coordinate DNA end protection with telomere replication [1, 2] . The origin recognition complex (ORC) coordinates bidirectional DNA replication at most chromosomal sites, but it is also known to function in transcriptional silencing, heterochromatin formation, and sister-chromatid cohesion [3, 4] . We now show that ORC localizes to telomere repeats and contributes to telomere maintenance. We found that ORC subunits can be affinity purified with telomere-repeat DNA along with other components of the known ''shelterin'' complex. ORC subunits colocalized with telomere-repeat foci and coimmunoprecipitated with TRF2 but not TRF2 lacking its amino-terminal basic domain (TRF2DB). ORC2 depletion or hypomorphic cell lines caused a loss of telomere-repeat signal intensity and the appearance of dysfunctional telomeres, including telomere-signalfree ends and telomere-repeat-containing double minutes. Two-dimensional agarose gel electrophoresis revealed that ORC2 depletion increased telomere circle formation, comparable to the overexpression of TRF2DB. A similar increase in telomere circle formation was induced by hydroxyurea treatment, providing evidence that replication stress produces telomere circles. These findings suggest that ORC recruitment by TRF2 contributes to telomere integrity by facilitating efficient telomere DNA replication and preventing the generation of telomere-repeat-containing circles.
The completion of DNA replication at the ends of linear chromosomes can be problematic not only because of the end-replication problem but also as a result of repetitive DNA and nucleoprotein-structures that might act as replication fork barriers [5, 6] . The telomere repeats and the proteins that associate with these repeats provide chromosome ends with protection from nucleolytic degradation and end-to-end fusions that would otherwise lead to genetic instability [7, 8] . Telomere-repeat length is maintained by the interplay of telomerase, recombination-based lengthening, and semiconservative DNA replication [9, 10] . The telomere-repeat-binding factors that protect telomeres from degradation and fusions are also important for maintaining telomere length and coordinating the access of replication proteins to telomere DNA [10, 11] . It is generally thought that most replication initiates outside of telomere repeats at chromosomal origins bound by ORC [12] [13] [14] . In lower eukaryotes, ORC is known to bind to specific sites in the subtelomere repeats. However, in higher eukaryotes ORC lacks sequence-specific DNA binding, and it is not clear how it is recruited to specific chromosomal regions. In an earlier study, we found that TRF2 facilitated ORC recruitment to a viral origin of DNA replication [15] . This earlier study raised the question of whether TRF2 recruited ORC to cellular telomeres and whether ORC plays a role in telomere maintenance.
To investigate the possibility that ORC bound to telomere-repeat DNA, we isolated nuclear factors that bound to telomere repeats by using DNA affinity chromatography. Proteins from Raji cell nuclear extracts were purified with biotinylated DNA containing 12 telomere repeats (TTAGGG) or control (BKS) DNA bound to streptavidin magnetic beads. Affinity-purified proteins were visualized by colloidal blue staining and then identified by mass spectrometry ( Figures 1A and 1B) . The major proteins isolated were among those already known to bind directly to telomere repeats, including TRF2, hRap1, and TRF1 [1] . Other members of the telomere-associated shelterin complex, including TIN2, POT1, and TPP1, were also identified [1] . Notably, we identified four of the six ORC subunits in the telomere-repeat DNA affinity-purified samples. ORC1, ORC2, and ORC4 binding specificity for telomere repeats was verified by western blotting ( Figure 1B ). Heterochromatin protein 1 (HP1a) [16] , which has been reported to interact with ORC [17, 18] , was weakly detected by western blot, as was the recently identified telomere-associated 5 0 exonuclease SNM1B (also referred to as Apollo) [19, 20] .
ORC2 is an essential core subunit of ORC and was further analyzed for its association with telomere repeats in vivo by chromatin immunoprecipitation (ChIP) ( Figure 1C ). Telomere-repeat DNA was enriched in ORC2-specific ChIP (3.6% input) but not in ChIP with control IgG (<0.4% input) or antibodies to the EBV-encoded EBNA1 protein that binds OriP. ORC2 bound telomere-repeat DNA to a greater extent than to a well-characterized viral origin of DNA replication (DS) or to cellular GAPDH DNA. The interaction of ORC2 with telomere DNA was also observed to varying extents in cells with different telomere-maintenance mechanisms, including telomerase-positive HCT and HeLa, telomerase-negative cells U2OS, which maintain long telomeres by a recombinational mechanism referred to as alternative lengthening of telomeres (ALT), and telomerase-negative primary human peripheral blood mononuclear cells (PBMCs). These findings indicate that ORC2 associates with telomere-repeat DNA in multiple cell types, independent of the telomere-lengthening mechanism ( Figure 1D, top panel) . The association was specific for telomere-repeat DNA because ORC2 ChIP was not enriched for Alu-repeat DNA ( Figure 1D, bottom panel) . A similar enrichment of ORC at telomere repeats was observed when FLAG-ORC2 or FLAG-ORC1 was ectopically expressed in HCT116 cells ( Figure S1C in the Supplemental Data available online), indicating that multiple 
Merge of ORC2 and TRF2 was combined with DAPI (E iii and E iii 0 ) and enlarged (E iv and E iv 0 ). The average percentage of TRF2 foci that colocalize with ORC2 foci is indicated to the right, where n is the number of images counted. (F) Immuno-FISH was performed with antibody to ORC2 (red) and TTAGGG PNA probe (green) in HCT116 or U2OS.
ORC subunits associate with telomere repeats. Also, siRNA depletion of ORC2 reduced ORC2 ChIP at telomeres, further indicating that ORC2 antibodies were specific for ORC2 at telomeres ( Figure S2 ).
We next tested whether ORC2 protein colocalized with TRF2-associated telomere foci by using indirect immunofluorescence (IF) ( Figures 1E and 1F ). After detergent extraction that enriches for telomere-specific foci, we found that w50% of the TRF2 foci in HCT116 and w65% of the TRF2 foci in U2OS cells colocalized with ORC2 foci ( Figure 1E ). To determine whether the ORC2 foci colocalized with telomere-repeat DNA, we performed immuno-FISH with anti-ORC2 antibody and a TTAGGG PNA probe ( Figure 1F ). We observed nearly identical results to those found with TRF2 foci, in which ORC2 colocalized with w44% or w66% of the TTAGGG foci in HCT116 or U2OS cells, respectively. This colocalization was not limited to ORC2; transfected GFP-ORC1 also colocalized with TRF2-specific telomere foci to a similar extent as ORC2, in both HCT and U2OS cells (Figure S3) . Additionally, DsRed-TRF2 colocalized with w68% of the GFP-ORC1 foci in transfected cells, indicating that the colocalization was not a consequence of antibody crossreactivity ( Figure S4 ). These findings indicate that ORC1 and ORC2 associate with approximately half of the telomere-repeat foci in telomerase-positive and ALT-positive cell lines.
Previous studies demonstrated that TRF2 can interact with ORC subunits [15] (also Figures S1A and S1B). To determine whether TRF2 was required for ORC recruitment to telomeres, we tested whether ORC associated with telomere-repeat DNA in cells in which TRF2 was depleted by siRNA (Figures 2A-2C ). TRF2 was efficiently depleted in HCT116 cells transfected with siTRF2 but not in cells transfected with control siRNA (Figure 2A ). siTRF2 had no detectable effect on ORC2 or PCNA protein levels in transient transfection assays 72 hr after transfection. By using ChIP assays, we found that TRF2 depletion reduced ORC2 interaction with telomererepeat DNA by w5-fold ( Figures 2B and 2C) . A similar result was observed by IF, during which siRNA depletion of TRF2 abrogated ORC2 colocalization with TRF1 telomere foci ( Figure S5 ). Previous studies demonstrated that TRF2 amino-terminal domain was important for interactions with ORC [15] . These findings were further substantiated by coimmunoprecipitation experiments that show ORC2 interacts with full-length TRF2 but not with TRF2 lacking the amino-terminal basic domain (TRF2DB) ( Figure 2D ). We next asked whether TRF2DB overexpression disrupts ORC association with telomere-repeat DNA (Figures 2E and 2F) . TRF2DB overexpression caused a w2.5-fold decrease in ORC association with telomere-repeat DNA by ChIP assay ( Figure 2E, left panel) . We also found that FLAG-TRF2DB failed to colocalize with ORC2 foci, whereas FLAG-TRF2 wild-type colocalized with ORC2 in IF experiments (Figure S6) . These findings support the model that the TRF2 amino-terminal domain is required for ORC recruitment to telomeres [15] .
The functional consequences of TRFDB overexpression and TRF2 depletion on telomere maintenance have been characterized previously [21, 22] . In HCT116 cells, we found that TRF2DB overexpression led to a loss of telomere-repeat signal intensity by w24% in restriction fragment-length assays ( Figure S7E ). We reasoned that if ORC was a functionally relevant target of TRF2 amino-terminal basic domain, then ORC2 depletion should have a similar effect as overexpression of TRF2DB. Two different siRNA, siORC2-1 and siORC2-2, efficiently depleted ORC2 but not control proteins TRF2, PCNA, or p54 nrb from HCT116 cells ( Figure 3B and Figure S8B ). siORC2-1 had no significant effect on cell-cycle profile and cell proliferation, whereas siORC2-2 produced a slight increase in sub-G1 cells, but cells continued to proliferate at comparable rates ( Figure S8C and data not shown). Repetitive transfection with siORC2-1 and siORC2-2 caused a w21 and 27% loss, respectively, of telomere-repeat signal intensity relative to control siRNA ( Figure 3A) . Similar loss of telomere-repeat signals by siORC2-1 was also observed in U2OS cells ( Figure S7F ). To eliminate the possibility that siORC depletion was due to off-target effects, we analyzed the telomere-repeat signals in an HCT116-derived cell line, referred to as e83, that is hypomorphic for ORC2 (ORC2 D/2 ) [23] . We found that telomere-repeat signal in e83 was weaker and was lost at an accelerated rate relative to parental HCT116 cells ( Figure 3D , left panel, and Figure S8D for loading controls). This accelerated loss of telomere-repeat signal was also observed when HCT116 cells were repeatedly transfected with siORC2-1, but not with control siRNA (Figure 3B , right panel and Figure S8E for loading controls; see also Figures S7B and S7C ). These data indicate that ORC2 depletion by siRNA or hypomorphic cell lines leads to loss of telomere repeat DNA. This loss of telomere repeat signal is comparable to that observed when TRF2DB is overexpressed.
To better assess the effect of ORC2 on individual telomere signals, we examined metaphase chromosome telomeres by fluorescence in situ hybridization (FISH) in siRNA-depleted and hypomorphic ORC2 cells ( Figures  3E-3G ). We found that reduced ORC2 levels resulted in several cytological telomere aberrations, including a 4-to 6-fold increase in signal-free ends and a 6-to 12-fold increase in telomere-containing double minutes ( Figure 3G ). Overexpression of TRF2DB is also known to increase signal-free ends [22] , suggesting that ORC2 might cooperate with TRF2 in maintaining telomere repeats. Double minutes containing telomere repeats were previously found enriched in cells depleted in ERCC1 [24] , but it is not clear whether ORC2 interacts with components of the ERCC1 pathway at telomeres. Interestingly, we also observed an increase in separated sister chromatids ( Figures 3F viii and 3F ix ) , suggesting that mammalian ORC might function in sister-chromatid cohesion similar to that described for budding yeast [25] .
Overexpression of TRF2DB is known to cause telomere-circle formation [22] . The loss of a telomere-repeat signals and the accumulation of telomere cytological defects (Figure 3) suggests that ORC depletion might also cause telomere-circle formation. To test this possibility, we analyzed telomere-repeat DNA by 2D neutral agarose gel electrophoresis and Southern-blot analysis (Figure 4) . We found that siORC2-1 and siORC2-2 increased the formation of telomere-repeat-circle arcs relative to linear arcs by w6.5-fold in HCT116 cells ( Figure 4A ). The telomere-circle arcs comigrated with self-ligated lambda DNA (Figures S9 and S10) and were detected equally with TTAGGG and CCCTAA probes (data not shown), indicating that the arcs consist of circular, doublestranded telomere DNA (data not shown). No circle arcs were observed at Alu-repeat DNA ( Figure 4A , lower panel) indicating that ORC2 depletion increased telomere-circle formation specifically ( Figures S9 and S10) . Telomere circles were also observed at higher frequency (w2.9 fold) in ORC2 hypomorphic cell line e83 relative to HCT parental controls ( Figure 4B ) and in ORC2-depleted U2OS cells (w1.5-fold), which are known to have significant background levels of telomere circles ( Figure 4D ). We also noted that a slower migrating form of telomeric DNA accumulated in ORC2 depleted and hypomorphic cells (indicated by the arrowheads). These slow-migrating molecules might correspond to complex DNA structures, including replication and recombination intermediates. To determine whether ORC2 depletion induced telomere circles as a consequence of incomplete replication, we assayed telomere DNA structure in cells treated with low doses of the ribonucleotide reductase inhibitor hydroxyurea (HU) (Figures 4C and 4E) . We found that HU treatment induced telomere-circle formation and the appearance of slow-mobility structures, similar to ORC2 depletion. This suggests that telomere-circle formation can be caused by incomplete DNA replication at telomeres.
In this study, we have demonstrated that ORC subunits can be recruited to telomere-repeat DNA in nuclear extracts by DNA affinity purification and in vivo by ChIP assay. We also demonstrate that ORC2 can colocalize with a subset of TRF2 and to telomere-repeat foci in a TRF2-dependent manner and that this association could be disrupted by the overexpression of TRF2DB. We showed that ORC2-depleted cells have an accelerated loss of telomere-repeat signals and form telomere circles similar to cells overexpressing TRF2DB. These data suggest that ORC is at least one functional target of the TRF2 basic amino-terminal domain. Because ORC was found at w40%-60% of telomere foci, it is also possible that ORC interaction with TRF2 and its localization at telomeres are subject to cell-cycle or telomere-structure-dependent regulation.
(G) Quantification of observed cytological alterations observed in siRNA-transfected HCT116 cells or in untransfected e83 and control parental cell lines. Numbers above bars represent total telomere-signal-free ends or TDMs out of the total number of counted chromosome ends or chromosomes, respectively.
What then is the function of ORC at telomeres? ORC is multifunctional and has established roles in DNA-replication initiation, transcription silencing, heterochromatin formation, and sister-chromatid cohesion [3, 4] . All of these ORC functions might be important at telomeres. It remains unclear whether ORC nucleates active origins of bidirectional DNA replication within telomere repeats or in adjacent subtelomeric sequences, which might also have TRF2-binding sites. ORC-binding sites and active origins of DNA replication are known to exist in the subtelomeres of yeast [9, 26] but have not been demonstrated in higher eukaryotes or in the TTAGGG tracts at telomere termini. A recent study found that the TRF2 ortholog, TAZ1, is required for the complete semiconservative DNA replication of telomeres [27] . We propose that TRF2, like TAZ1, might facilitate DNA replication by recruitment of ORC subunits to telomere-repeat tracts in subtelomeres or in long TTAGGG tracts that potentially challenge replication machinery. We propose that ORC recruitment is required for the formation of replication origins and the completion of semiconservative DNA replication at telomeres. However, it is also possible that ORC facilitates heterochromatin formation or sister-chromatid cohesion, which might also be necessary for telomere-repeat stability. Because telomere T loops share some structural similarity to replication origins, it is also possible that ORC performs a common function in the formation and maintenance of these related DNA structures.
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